The proof is in the pudding: children prefer lower fat but higher sugar than do mothers JA Mennella, S Finkbeiner and DR Reed OBJECTIVE: Although there are established age-related differences in sweet preferences, it remains unknown whether children differ from mothers in their preference for and perception of fat (creaminess). We examined whether individual differences in sucrose and fat preferences and perception are related to age, genotype and lifestyle. SUBJECTS: Children 5-10 years-old (n ¼ 84) and their mothers (n ¼ 67) chose the concentration of sucrose and fat most preferred in pudding and sucrose most preferred in water using identical, two-alternative, forced-choice procedures, and ranked pudding samples for intensity of sweetness and creaminess. Subjects were also weighed and measured for height, as well as genotyped for a sweet-receptor gene (TAS1R3). RESULTS: Children preferred higher concentrations of sucrose in water (P ¼ 0.03) and in pudding (P ¼ 0.05) and lower concentrations of fat in pudding (Po0.01) than did mothers. Children and mothers were equally able to rank the intensity of different concentrations of fat (P=0.12) but not sucrose in pudding (P ¼ 0.01). Obese and lean children and mothers did not differ in preferences, but obese mothers were less able to correctly rank the concentration of fat in pudding than were lean mothers (P ¼ 0.03). Mothers who smoked preferred a higher concentration of sucrose than did those who never smoked (Po0.01). Individual differences in sweet preference were associated with genetic variation within the TAS1R3 gene in mothers but not children (P ¼ 0.04). CONCLUSION: Irrespective of genotype, children prefer higher concentrations of sugar but lower concentrations of fat in puddings than do their mothers. Thus, reduced-fat foods may be better accepted by children than adults.
INTRODUCTION
Although modernization and industrialization of the food supply have produced palatable foods, the negative consequences of eating diets rich in sugars and fats have become increasingly commonplace. 1 Foods containing sugars, with or without fats, have strong hedonic appeal, especially for children, 2 and overeating of these foods is not only prevalent in the diets of Americans but also often associated with obesity. 3, 4 Why are foods that contain sugars and fats so appealing? The sensations experienced when tasting something sweet are mediated by taste receptors in the periphery and by multiple brain substrates, which phylogenetically are remarkably well conserved 5 and are associated with reward-related learning and behaviors. 6, 7 Although sweet is considered a basic taste, the sensations experienced when tasting foods rich in fats are more complex and likely an amalgam of taste, retronasal olfactory and somatosensory components. [8] [9] [10] If there is a component in fats that is a chemical stimulus for the taste system, it is probably sensed by taste receptors as free fatty acids that are created in the mouth when lingual lipase, produced near taste receptor cells, hydrolyzes triglycerides. 9, 11 Here we use the term 'fat preference' to refer to the preferences for the complex perception that individuals experience when tasting fat, including its creaminess and mouth feel, as well as its taste. Does children's basic biology make them more vulnerable than adults to overeating foods that are rich in sugars and fats? Psychophysical research suggests that this may be the case for sweets: children not only prefer a more intense sweet sensation than do adults (see Mennella 12 for a review), but sweets are also an analgesic for children, enabling them to tolerate painful stimulation longer when they are tasting a sweet-tasting liquid than when tasting water. 13 Although there is evidence that fats can also act as an analgesic during development, 14 few studies have focused on the amount of fat most preferred by children 15, 16 and even less is known about whether it differs from that of adults.
In the present study, we determined the concentration of fat most preferred in a food matrix (pudding) by children and their mothers, using identical procedures to allow for comparisons between the two age groups. Preferences for sweetness (in both liquid form and a food matrix, pudding) were also assessed because there are pronounced age-related differences in the intensity of sweetness most preferred. 2 The primary goals of the study were to determine whether there are age-related differences in liking and in the ability to discriminate foods that differ in creaminess (fat content) and to determine whether fat preferences associate with sugar preferences. Exploring how factors, such as body weight and smoking (in adults only) relate to sweet and fat preferences and dietary habits were secondary goals of the study. Smoking and obesity were independently associated with specific food cravings in our previous studies of adult women 17 and thus might contribute to preferences of mothers and in turn their children. In addition, to better understand individual differences, we assessed whether variation in a sweet taste gene (TAS1R3) with previously described effects on sweet perception 18 was related to sweet preference in children and their mothers.
SUBJECTS AND METHODS Subjects
Women with healthy children between 5 and 10 years of age were recruited from the Philadelphia area using an internal database of previous participants who had consented to be notified of future studies at the Monell Center. Eligibility for participation in the 'Monell Fat/Sweet Preference' study was determined by initial phone interview, during which mothers were given a description of the study procedures but were not told the goals of the study or hypotheses being tested. All the procedures were approved by the Office of Regulatory Affairs at the University of Pennsylvania. Informed consent was obtained from each mother and assent was obtained from each child X7 years of age. Mothers were paid for their participation.
Food stimuli
Two types of stimuli were used to determine the intensity of sweetness most preferred and one stimulus was used to determine the intensity of creaminess most preferred (Table 1) ; all stimuli were presented at room temperature. For sweetness, we assessed the liking of five solutions that differed in sucrose content (3, 6, 12, 24 and 36% wt/vol) and three vanilla pudding samples (Jello Pudding; General Foods, White Plains, NY, USA) that differed in sucrose content (13.4, 24.1 and 36.2% wt/wt). The base pudding, which had 13.4% wt/wt sugar content, was prepared by mixing 5.3 g vanilla pudding powder with 24.7 g milk (3.8% fat wt/wt) (Lehigh Valley Dairy Farms, Lansdale, PA, USA). The other two pudding samples with sugar contents of 24.1% and 36.2% wt/wt were prepared by adding 4.2 and 10.7 g sucrose, respectively, to 30 g base pudding.
For creaminess, we used three vanilla pudding samples that differed in fat content (3.1, 6.9 and 15.6% fat wt/wt); the sugar content remained constant at 13.4% sucrose wt/wt. Preparation procedures followed from the methods of Mattes: 19 samples were made by mixing 5.3 g vanilla pudding powder with 24.7 g milk with different fat content. Skim milk (0% fat) and heavy cream (33% fat) were mixed to prepare milks with fat contents of 3.8, 8.4 or 19% fat wt/wt. The 3.8% milk was prepared by mixing 84.6 g skim milk with 11.4 g heavy cream, the 8.4% milk was prepared by mixing 74.4 g skim milk with 25.6 g heavy cream and the 19% milk was prepared by mixing 42.5 g skim milk with 57.6 g heavy cream.
One drop of yellow food coloring (McCormick & Co., Inc. Hunt Valley, MD, USA) was added to the 15.6% sample to mask color differences.
Procedures
Following abstinence from eating for at least 1 h, mothers and children were tested individually on two separate days in rooms specifically designed for sensory testing. If the mother was a smoker, she was also asked to refrain from smoking an hour before the testing session began. Carbon monoxide levels were measured using a Vitalograph-Breath CO monitor (Vitalograph Inc., Lenexa, KS, USA); CO levels were on average 11.5±1.0 parts per million, thus indicating compliance with this request. 20 Each session lasted 20-30 min. In counterbalanced order, we determined their preferences and intensity ranking for the puddings, which differed in sugar concentration, during one test day and preferences and ranking for creaminess in pudding and the intensity of sucrose most preferred in water during the other. To mask visual differences among samples, the testing rooms were illuminated with red light.
Preference tests. Children tend to answer questions in the affirmative, have short attention spans, therefore, we used a forced-choice tracking technique that is sensitive to the cognitive limitations of children 2, 21 to determine the concentration of sugar or fat most preferred. Each type of taste stimulus was assessed individually, and to allow for comparisons, procedures were identical for children and adults. In brief, participants were presented with pairs of solutions (5 ml each) that differed in sucrose content (3, 6, 12, 24 and 36% wt/vol) or pairs of pudding samples (10 ml each) that differed in either sucrose (13.4, 24.1 and 36.2% wt/wt) or fat (3.1, 6.9 and 15.6% wt/wt) content. For the five sucrose solutions, the first pair presented was from the middle range (6 and 24% wt/vol), whereas for the three pudding samples, the first pair was the two extremes (13.4 and 36.2% for sucrose; 3.1 and 15.6% for fat).
Participants tasted each sample of the pair for 5 s without swallowing and then pointed to which of the pair they liked better, without instruction on how the stimuli differ. Each subsequent pair of solutions contained the participant's preceding preferred concentration paired with an adjacent stimulus concentration. This pattern continued until the participant either chose two consecutive times the same concentration paired with both a higher and lower concentration or chose two consecutive times the highest or lowest concentration. Participants rinsed their mouth once with water after tasting each sample and twice between each pair of solutions; a timer was used to ensure a 1-min interval to separate each pair presentation. For the sucrose solutions, the entire task was repeated after a 3-min break, with stimulus pairs presented in reverse order (that is, weaker stimulus presented first in series 1 and stronger stimulus first in series 2), thus preventing children from reaching criterion response based on bias toward first or second position.
Intensity ranking procedures. To evaluate participants' ability to detect differences in the amounts of fat and sugar in the puddings, a subset of participants were asked to sample without swallowing the three puddings that differed in sugar concentration during one session (n ¼ 68 children, n ¼ 55 the adults) and to sample the three puddings that differed in fat during another (n ¼ 67 children, n ¼ 56 adults). Subjects rinsed three times after tasting each pudding. After each sample was tasted, they were asked to rank the puddings from least to most sweet or from least to most creamy, respectively. Subject responses were scored from 0 to 2, following Stewart et al.
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: a score of 2 indicated all correct (for example, 3.1, 6.9 and 15.6% wt/wt); a score of 1 indicated one was correct and the other two were adjacent to each other (for example, 3.1, 15.6 and 6.9% wt/wt); and a score of 0 indicated that all were incorrect (for example, 6.9, 15.6 and 3.1% wt/wt).
Anthropometry. Subjects were weighed and measured for height wearing light clothing and no shoes (model 439 physician scale; Detecto, Webb City, MO, USA). Body mass index (BMI) was computed by dividing the weight in kilograms by the squared height in meters, and subjects were then classified into BMI categories following the Center for Disease Control pediatric growth charts for children 23 or standard BMI categories for adults. 24 For children, age-and sex-specific BMI z-scores were calculated using software provided by the Center for Disease Control (EpiInfo 3.5). A second z-score was computed for all subjects by standardizing the residuals of a general linear regression using generation (mother and child) as a fixed factor and age in years as a continuous variable.
Demographics, food habits and preferences. Race/ethnicity for children was defined by the mother's report of herself and the child's father. We use the term 'race/ethnicity' because it describes both the genetic and cultural components of the groups in the sample. 25 Individuals of non-Hispanic African-American and non-Hispanic European descent are hereafter referred to as Black and White, respectively. Mothers also completed the Harvard Service Food Frequency Questionnaire, a semi-quantitative dietary assessment tool that assesses dietary intake of 84 food items over the past month for herself 26 and a modified version of this questionnaire for her All sweet pudding samples were made with 3.8% milk (fat wt/wt). The standard pudding has 13.4% sugar wt/wt. b All samples had 13.4% sugar wt/wt; a drop of yellow food coloring was added to the 15.6% sample to mask color differences.
child. 27 From these data, we determined the average daily intake for selected food items related to fat and sweet tastes, such as dairy foods (for example, milk, hot chocolate, cheese, yogurt, ice cream and pudding), sweets (cookies, cake, pie, Jello, chocolate, other candy, donuts and sweet rolls) and sweetened beverages (soda, fruit juice and fruit drinks). Most distributions were skewed, so daily intake values were square-root transformed.
Sweet-receptor genotyping. Mothers and children provided DNA samples from cheek swabs, which were extracted following the recommendations of the manufacturer (BuccalAmp; Epicenter, Madison, WI, USA). DNA samples were diluted to a concentration of 5 ng ml À 1 , which was used as template in a Taqman assay for single-nucleotide polymorphisms (Applied Biosystems, Foster City, CA, USA). 28 The genetic variant chosen for the study was in a regulatory region of the sweet-receptor TAS1R3 that was previously associated with sugar sensitivity in adults. 18 There are three genotypes at this locus (rs35744813; CC, CT and TT), with the T genotype being associated with a poorer ability to detect low concentrations of sucrose compared with those with the C genotype.
Data analyses
Primary analyses were framed around understanding how age associated with the concentration of fat most preferred (hereafter referred to as fat preference) and the ability to discriminate pudding samples that differed in fat content (that is, intensity ranking), as well as whether there was concordance in the concentrations of fat most preferred with concentrations of sugars most preferred in a food matrix. To this end, separate oneway analyses of variance or Chi-Square analyses with generation (children and mothers) as a grouping factor were conducted, however, when cells had fewer than five subjects, Yates' Chi-square was used. Follow-up partition analyses were then used to further examine these significant effects. To analyze the relationship between sweet preferences in water and pudding, as well as between sweet and fat preferences in pudding, separate correlational analyses were conducted for children and mothers. Secondary analyses examined how body weight (BMI z-scores) and the smoking habits of mothers associated with sweet and fat preferences, intensity ranking and daily food intakes of sweet and fatty foods.
Genotype-phenotype association analyses were conducted in two ways. When the dependent variable was a quantitative trait (sucrose preference in water), genotype and generation (child or mother) were fixed factors in a two-way analysis of variance with least significant difference post-hoc testing when main effects were found. When the dependent variable was categorical (concentration of sucrose or fat in the pudding), genotype and generation were used as fixed factors in an ordinal logistical regression. This analytical method was chosen because of the linear (additive) effect of the TAS1R3 genotypes. 18 For all analyses, the threshold for statistical significance was set at Po0.05 and were computed using Statistica 8.0 or 10.0 (StatSoft, Tulsa, OK, USA).
RESULTS

Subject characteristics
The characteristics of the study population are presented in Table 2 . The final sample of 67 mothers and 84 children (44 girls and 40 boys) included 10 sibling pairs and 3 sibling triads. The children were 8.0 ± 1.9 years of age and their mothers were 34.7 ± 7.3 years of age. Of the 67 mothers, 37% were current smokers; the remainder had never smoked in their lifetimes. One additional mother began testing but was excluded because she was on appetite enhancement medication, and a few children (n ¼ 9) began testing but were excluded from some of the tasks because they did not understand or for noncompliance. The distribution of race/ethnicity, family income and educational levels of the mothers reflects the socioeconomic diversity of the city of Philadelphia. 29 More than one-third of the children and two-thirds of the mothers were overweight or obese, a finding consistent with current trends. 30, 31 Age-related differences As a group, children preferred a more intense concentration of sucrose in water (F(1, 141) ¼ 4.70; P ¼ 0.03) and pudding (Yates' w 2 (2) ¼ 5.92; P ¼ 0.05) but a lower concentration of fat in pudding (w 2 (2) ¼ 15.55; P ¼ 0.0004) than did mothers (Table 3 ). There was a positive relationship between the concentration of sucrose most preferred in water and the concentration most preferred in pudding for children (r ¼ 0.44, Po0.001; n ¼ 70) and a tendency for this for mothers (r ¼ 0.23, P ¼ 0.06; n ¼ 66). For mothers, daily intakes of sweetened beverages were positively related to the concentration of sugar most preferred in water (r ¼ 0.25, P ¼ 0.05; n ¼ 65) and pudding (r ¼ 0.28, P ¼ 0.02; n ¼ 64).
No significant relationships were found between the concentration of fat most preferred and concentration of sugar most preferred in pudding for children (r ¼ À 0.03, P ¼ 0.78; n ¼ 70) or their mothers (r ¼ 0.13, P ¼ 0.32; n ¼ 64). However, there was a significant effect of generation (age group) on the ability of subjects to rank the puddings for sweetness (w 2 (2) ¼ 8.58, P ¼ 0.01) but not creaminess (w 2 (2) ¼ 4.32, P ¼ 0.12; Table 3 ). A greater proportion of children than mothers incorrectly ranked all of the sweet puddings (w 2 (1) ¼ 6.80; Po0.01).
Individual differences
Body weight. There was no relationship between BMI z-scores and the concentration of sugar in water (r ¼ 0.05, P ¼ 0.55; n ¼ 142) and the concentration of sugar (r ¼ 0.09, P ¼ 0.28; n ¼ 140) or fat (r ¼ À 0.04, P ¼ 0.67; n ¼ 143) in pudding most preferred by mothers and children. For mothers, the ability to rank Abbreviation: BMI (kg m À 2 ), body mass index, a measure of obesity, where kg is weight in kilograms and m is height measured in meters. Family yearly income is reported in US dollars ($). Smoking status was determined through questionnaire and confirmed with empirical measures (breath carbon monoxide concentrations). School refers to formal education, high school, community or 4-year college. Categories to classify BMI are from the Center for Disease Control.
the creaminess (but not the ability to rank sweetness) was related to BMI z-scores (r ¼ À 0.30, P ¼ 0.03; n ¼ 56): the higher the BMI, the greater the inability to rank the puddings. Those women who incorrectly ranked the puddings ate more dairy (2.6 ± 1.5 serving per day) than did the others (1.7±1.4; F(1, 52) ¼ 4.52; P ¼ 0.04). The relationship between ranking ability and BMI was not evident in children.
Smoking status of mothers. Although the smoking status of mothers had no effect on their ability to rank the puddings that differed in sucrose or fat content, we found that those who were current smokers preferred a more intense sweetness in water (F(1, 65) ¼ 8.96, P ¼ 0.004; see Figure 1 ). No group differences were observed for sweet or fat preferences in pudding ((Yate's w 2 (2) ¼ 2.06, P ¼ 0.36) and (Yate's w 2 (2) ¼ 0.18, P ¼ 0.92), respectively). Children's preference for and ranking of sucrose in water or pudding and fat in pudding did not differ by their mother's smoking status (Table 4) .
Sweet-receptor genotype. There was a relationship between the preference for sucrose in water, but not pudding, and alleles of the TAS1R3 sweet-receptor gene. For sucrose in water, the genotype and preference relationship differed between children and mothers. In mothers, there was an additive effect of the T genotype which increased sweet preference but there was no genotype-phenotype relationship in children (Table 5, Figure 2 ).
DISCUSSION
Children live in different sensory worlds than do adults. Children preferred a higher concentration of sugar but a lower concentration of fat than did their mothers, therefore, the age-related effects are not solely due to children's preference for more intense stimulation. For both children and mothers, the higher the concentration of sucrose preferred in water, the higher the concentration of sucrose preferred in pudding. This intensity of sweetness most preferred, as measured in the laboratory, has been shown to be related to what they like to eat in the real world, such as the concentration of sugars in their most preferred beverages and breakfast cereals. 28 Why do children prefer higher sweet but lower fat compared with their mothers? Several factors, not mutually exclusive, may explain these age-related differences.
Sweetness may be more salient than creaminess for children. The positive hedonic responses to sweet taste and preference for higher amounts of sweetness by children than by adults have been observed in many countries and cultures. 32 Such heightened preferences, which persist throughout childhood and adolescence, may have an ecological basis because, in nature, sweet-tasting foods are associated with energy-producing sugars, minerals and vitamins. Such preferences may have evolved to solve a nutritional problem of attracting children to sources of energy during periods of growth. 33, 34 In the present study, children seemed to be cueing in on the sweetness of the puddings; they preferred the puddings with higher sweet content and those with less fat content. In complex solid food mixtures, sweet and fatty tastes interact with increasing fat concentrations suppressing the perception of sweetness. 35, 36 In this experiment, the sugar content was held constant in the fat puddings, so puddings with a lower fat content tasted sweeter despite a constant amount of sugar in the recipe. The puddings did Figure 1 . Concentration of sucrose most preferred in water (% wt/ vol; mean±s.e.). Subjects were stratified by generation (mothers and children) and smoking status of the mother (smoker and nonsmoker). Groups that do not share a subscript differ by post-hoc testing.
differ in caloric density but we emphasize that during the psychophysical testing, subjects did not swallow the stimuli and rated the stimuli immediately after tasting, thus minimizing postingestive effects on liking.
Another potential explanation for why children and not mothers preferred the low-fat pudding may relate to body weight or fat patterning. Obese adults are less able to perceive low concentrations of fatty acids 37 and prefer fat more in some studies 17 than do lean adults. Likewise, adults with larger waist circumferences are less able to discriminate fat in salad dressing than are those with smaller waist circumference. 38 The effects of obesity or fat distribution may be cumulative, and mothers have been obese longer than comparably overweight children. It could be that chronic obesity or the accumulation of abdominal fat increases fat preference but that these children are not yet affected. Concentration of sucrose most preferred in water (% wt/ vol; mean ± s.e.). Subjects stratified by generation (mother and children) and genotype (TAS1R3). The TAS1R3 protein is a component of the sweet receptor, and the DNA variant site studied here is in the promoter region and has three commonly observed genotypes, CC, CT or TT. Groups that do not share a subscript differ by post-hoc testing.
We found that genetic variation in the sweet receptor was related to sweet preference for the mothers but not for the children. The TAS1R3 gene has a common variant in the promoter region which has three genotypes, CC, CT and TT, and the T allele was previously linked with sucrose sensitivity in adult populations. 18 Here for the mothers, it had a similar effect, with each T allele increasing sucrose preference. From these data, we suggest that the desire for sweetness during development 33 is stronger than effects of genotype on taste perception when children are growing. These genetic differences may emerge in adulthood, once full stature has been achieved. Furthermore, the effects of genotype were apparent only for sucrose in water and not for sucrose in pudding, which suggests that genotype effects may have real-world significance for simpler items such as sweet juices or sodas rather than for more complex foods.
In addition to differences between children and their mothers, we also found that mothers who smoked preferred higher concentrations of sucrose in water, more similar to those preferred by children, than did the other mothers. However, smoking did not affect ranking ability, so these effects on preference are unlikely to be secondary to effects of smoking on sensitivity to sucrose. 39 The determinants of sweet-preference differences between smokers and nonsmokers may lie instead in the ability of sweet solutions to reduce pain and increase pleasure: smoking may be a sign of an addiction-prone phenotype and elevated sweet preference is also a sign of this biology. 40 Although mothers and children performed the same procedure for ranking and preference, children made more errors in sweetness ranking, but not in creaminess ranking. Ranking is a more difficult task than reporting preference, but deficiencies in general task comprehension are an unlikely explanation for the observed difference in sweetness ranking, because children did not differ in creaminess ranking, a task that is equally or more difficult. We hypothesize instead that children may have found it harder to separate their positive hedonic response to the sample from objective sensations of sweetness.
Our results have implications for the treatment of childhood obesity. A goal of most health advisory panels in developed countries is to reduce the amount of sugar and fat in the diets of children to reduce obesity. Recommendations put forth by the Committee of Nutrition of the American Academy of Pediatrics, 41, 42 American Heart Association, 43 and the Institute of Medicine 44 describe drastic changes in children's diet, for example, replacing whole-fat milk with reduced-fat milk for weaned infants beginning at 1 year of age, reducing added sugars and salts, and offering nutritious snacks, such as vegetables and fruits, low-fat dairy foods and whole grains. Knowledge gleaned from chemosensory research in children suggests that limiting sugars and salt may be particularly difficult for pediatric populations because children's strong hedonic appeal for more intense sweet 2 and salty 45 tastes than adults. In the present study, we found that although children preferred higher concentrations of sweetness in water and pudding, they preferred fat less than did mothers and were less able to detect low-fat foods (as measured by the ranking task). In this context, our data suggest a new direction, to focus on fat reduction. Whether our laboratory-based results extend to common sources of fat in the diets of children such as fried foods and processed meat products is not known but is an important area of future research. Likewise, limits need to be placed on the consumption of low-fat but sweet-tasting foods because of the contribution of sugar to overweight and diabetes. A better knowledge of what children prefer to eat and why will better inform policy on the prevention of childhood obesity.
